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A B S T R A C T
Phase separation in Fe–Cr binary alloys irradiated with neutrons at 473 K and 573 K was investigated using
positron annihilation spectroscopy. Using positron annihilation coincidence Doppler broadening (CDB) mea-
surements, the phase separation progress was observed in neutron-irradiated samples at 473 K and 573 K.
Vacancy clusters were detected in Fe–xCr (x=0, 9, 15, 30, 45, 50, and 100) during 473 K irradiation using
positron annihilation lifetime measurements, but were not detected in Fe–xCr (x=70, 85, and 91) irradiated at
473 K or in any samples irradiated at 573 K. Additionally, in Fe–xCr (x=70, 85, and 91) irradiated at 473 K, all
positrons were annihilated with core Fe electrons as determined from CDB ratio curves. Thus, vacancy clusters
were not detected in the Fe-rich phase. There was a possibility that vacancy clusters are formed in the Cr-rich
phase, but they were not detected by the PAS. Therefore, another method is necessary to investigate this further.
Vickers hardness tests indicated that neutron-irradiated samples were harder than unirradiated samples. The
contribution of phase separation and neutron-irradiation defects to increased hardness was dependent on the
irradiation conditions including temperature and dose.
1. Introduction
Ferritic stainless and heat-resistant steels used as peripheral mate-
rials in nuclear reactors possess high Cr content [1]. In these materials,
ductility and toughness decrease signiﬁcantly while hardness and ten-
sile strength increase as the material is aged from 593 to 813 K [2].
Akita et al. reported that hardness in ferritic stainless steels (SUS430,
SUS444, SUS447) increased after aging at 673–793 K for 100 h [3]. This
is caused by the formation of Fe-rich and Cr-rich phases, a phenomenon
called 475 °C embrittlement [4]. These changes in mechanical proper-
ties are important when evaluating aging-induced deterioration when
the materials are used as structural materials in reactors. The phase
separation process of Fe–Cr binary alloys has been studied with mul-
tiple techniques. The formation of the Cr-rich phase was detected in
Fe–xCr (x=21, 29, 36, and 55 at.%) aged at 748 K for 5000 h using
Mössbauer spectroscopy [5–7]. Brenner et al. also detected the forma-
tion of the Cr-rich phase in Fe–32at.%Cr aged at 743 K using a ﬁeld-ion
microscopy and atom-probe analysis [8].
After neutron irradiation above 523 K, the Cr-rich phase was formed
even in the ferritic stainless steels (Cr content: > 8wt.%), which was
detected by the small-angle neutron scattering technique [9]. The
distribution of dislocation loops induced by the neutron irradiation at
573 K was heterogeneous, which was inﬂuenced by the formation of the
Cr-rich phase [10]. Chen et al. detected phase separation in Fe–9.7%Cr
irradiated with neutrons at 573 K by atom probe tomography [11].
Excessive irradiation-induced defects promoted phase separation even
at temperatures less than 593 K.
Positron annihilation spectroscopy (PAS) is an extremely powerful
tool for obtaining information on vacancy-type defects, including single
vacancies and precipitates. Xu et al. reported the positron annihilation
lifetimes of vacancy clusters and the change in spectra via coincidence
Doppler broadening (CDB) in association with the formation of Cu
precipitates in neutron-irradiated Fe–Cu alloys [12]. Positrons are
trapped in clusters of elements and embedded phases that have more
negative positron aﬃnity than that of the matrix. In the Fe–Cr alloys
used in this study, the Fe positron aﬃnity is more negative than that of
Cr [13]. Therefore, we can detect the formation of an Fe-rich phase by
the phase separation of Fe–Cr alloys using PAS. The purpose of this
study is to detect the progress of phase separation using PAS and to
obtain a correlation between the hardness and phase separation in
Fe–Cr binary alloys irradiated with neutrons at 473 K and 573 K.
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2. Experimental procedure
Fe–x wt.%Cr (x=0, 9, 15, 30, 45, 50, 70, 85, 91, and 100) binary
alloys were used in this study; their chemical compositions are shown in
Table 1. The weights of high purity Fe (99.99%) and Cr (99.99%) were
measured and samples were melted by arc melting. For homogeniza-
tion, Fe–xCr (x=0, 9, 15, 30, 45, and 50) were annealed at 1273 K for
24 h in a vacuum (<4×10−4 Pa), and Fe–xCr (x=70, 85, 91, and
100) were annealed at 1573 K for 48 h in a vacuum (<2×10−3 Pa).
For neutron irradiation, samples with a 3-mm diameter and 0.25-mm
thickness were cut using a wire electric discharge machine. Fe–xCr
(x=30, 45, 50, 70, 85, 91, and 100) were annealed at 1273 K for 1 h,
and Fe–xCr (x=0, 9, 15) were annealed at 1073 K for 1 h in a vacuum
(< 4×10−4 Pa); both types of samples were water-quenched to sup-
press phase separation. Neutron irradiation was performed at the Ma-
terial Controlled Irradiation Facility (SSS) of the Kyoto University Re-
actor (KUR) [14]. The neutron ﬂuences were 1.1×1022, 1.2× 1022,
and 5.1×1022 n/m2 (0.44× 10−3, 0.5× 10−3, and 2.1×10−3 dpa)
with a displacement threshold energy of 40 eV. The irradiation tem-
peratures were 473 K (0.5× 10−3 dpa) and 573 K (0.44×10−3 and
2.1×10−3 dpa). All samples were electropolished after neutron irra-
diation to remove oxidized layers.
Measurements of positron annihilation lifetimes (PAL) and CDB
were performed at room temperature. The PAL spectrometer had a time
resolution of 190 ps (full width at half maximum) and for each spec-
trum, a total of 4×106 counts were accumulated. PAL spectra were
analyzed using the PALSﬁt package [15]. In CDB spectra, low-mo-
mentum represents a small Doppler shift resulting from the annihilation
of positrons with valence electrons. In this low-momentum region, the
counts of the CDB spectra of samples containing vacancy-type defects is
higher than those of the defect-free samples. In the high-momentum
region, which originates from the annihilation of positrons with core
electrons, the counts of CDB spectra in Fe–Cr alloys were heightened in
association with the formation of a Fe-rich region [16]. We deﬁned that
the S-parameter as the ratio of the low-momentum region
(|pL|< 4×10−3 m0c), and the W-parameter as the ratio of the high-
momentum region (12×10−3 m0c<|pL|< 28×10−3 m0c) in the
Doppler-broadening spectrum to the total region (m0: rest mass of
electrons, c: velocity of light). Vickers hardness tests were conducted
using an HMV-T2 (SHIMADZU Corp.) at room temperature with a test
load of 0.9807 mN (Hv0.1) and a load holding time of 15 s.
3. Results and discussion
3.1. PAL measurements
Figs. 1–3 show the PAL in Fe–Cr binary alloys irradiated with
neutrons at 473 K for 47 h, 573 K for 42 h, and 573 K for 200 h, re-
spectively. The mean positron lifetime (τm) denotes the total number of
residual defects. The short lifetime component (τ1) refers to the amount
of positron annihilation in the matrix; the long lifetime component (τ2)
denotes the size of vacancy-type defects; the relative intensity of the
long lifetime component (I2) corresponds to the density of vacancy-type
defects. Vacancy clusters consisting of 8–12 vacancies [17] are formed
in the 473 K irradiation except for Fe–70Cr, Fe–85Cr, and Fe–91Cr.
Table 1
Chemical composition of samples used in this study.
Sample Composition (wt.%)
Cr C O N
Fe <0.001 0.0035 <0.0005
Fe–9Cr 8.84 <0.001 0.0081 <0.0005
Fe–15Cr 15.1 0.001 0.0064 <0.0005
Fe–30Cr 29.7 0.001 0.012 <0.0005
Fe–45Cr 44.9 0.001 0.016 <0.0005
Fe–50Cr 49.5 0.001 0.015 <0.0005
Fe–70Cr 68.3 0.057 0.0015 0.0017
Fe–85Cr 83.1 0.001 0.024 <0.0005
Fe–91Cr 90.95 <0.001 0.027 <0.0005
Cr 0.001 0.028 <0.0005
Fig. 1. Positron annihilation lifetime in Fe–Cr binary alloys irradiated with
neutrons at 473 K for 47 h.
Fig. 2. Positron annihilation lifetime in Fe–Cr binary alloys irradiated with
neutrons at 573 K for 42 h.
Fig. 3. Positron annihilation lifetime in Fe–Cr binary alloys irradiated with
neutrons at 573 K for 200 h.
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Larger vacancy clusters are detected in pure Fe and Cr. In pure metals,
the solute atoms that suppress the migration of vacancies do not exist,
resulting in vacancy clusters that are larger than those in alloys. After
573 K irradiation, no vacancy clusters are observed except for pure Cr.
Yoshiie et al. reported that the density of vacancy clusters in pure Fe
irradiated with neutrons at 473 K was higher than that at 573 K from
the results of PAL measurements [18], which correspond to our results.
They also indicated that the low density of vacancy clusters was de-
tected after irradiation at 573 K at a dose of 2.1× 10−2 dpa [18]. In
this study, the irradiation doses were lower than in the previous study.
Thus, we could not detect vacancy clusters after 573 K irradiation.
However, since vacancy clusters were detected in pure Cr, they were
more stable in pure Cr than in pure Fe with the high-temperature ir-
radiation. We discuss in Section 3.4 the reason for which we also did
not detect vacancy clusters in Fe–70Cr, Fe–85Cr, and Fe–91Cr irra-
diated at 473 K.
3.2. CDB measurements
Kasada et al. detected the progress of phase separation by the CDB
measurements in Fe–xCr (x=0, 9, 15, 30, 45, 50, 70, 85, 91, and 100)
by thermal aging at 748 K [19]. They also investigated the eﬀect of
thermal aging on surface hardness [19]. Before thermal aging, when the
Fe content was higher, CDB spectra in the high-momentum region
heightened (W-parameter increased). In each alloy, the W-parameter
and hardness increased after thermal aging at 748 K.
Figs. 4–6 show the CDB ratio curves of neutron-irradiated and
unirradiated Fe–9Cr, Fe–50Cr, and Fe–70Cr to unirradiated Cr, re-
spectively. The CDB spectra from the Fe–xCr (x=15, 30, 45, and 50)
are nearly the same as those of Fe–9Cr; further, those from the Fe–85Cr
and Fe–91Cr are similar to those from Fe–70Cr. Therefore, we omitted
the curves from Fe–xCr (x=15, 30, 45, 85, and 91). The W-parameter
is higher after irradiation in Fe–xCr (x=70, 85, and 91) irradiated at
473 K and in all Fe–Cr alloys irradiated at 573 K. This indicates that as
the Fe-rich phase grew, the number of positrons which were annihilated
with the core electrons of the Fe atoms increased.
In Fe–xCr (x=9, 15, 30, 45, and 50) irradiated at 473 K, the S-
parameter was higher than that of the unirradiated samples because of
the formation of vacancy clusters. If the S-parameter increased, the W-
parameter relatively decreased because the CDB ratio curves were
normalized. In Fe–xCr (x=9, 15, 30, 45, and 50) irradiated at 473 K,
the decrease in the W-parameter was caused by the increase in the S-
parameter. Therefore, we cannot be certain that phase separation pro-
gresses with only the CDB measurements.
3.3. Vickers hardness
Fig. 7 shows the Vickers hardness of Fe–xCr (x=0, 9, 15, 30, 45,
50, 70, 85, 91, and 100) irradiated with neutrons at 473 K and 573 K.
Data from unirradiated samples are also shown. The hardness increases
following neutron irradiation in all samples, due to the progressing
phase separation and the formation of irradiation-induced defects. In
Fe–xCr (x=0, 9, and 15), hardness is highest after 473 K irradiation.
Because vacancy clusters are detected in the PAL measurements after
473 K irradiation, the most signiﬁcant cause of this increase in hardness
is the formation of irradiation-induced defects. In Fe–xCr (x=30, 45,
50, 85, and 91), the hardness after irradiation at 473 K for 47 h is nearly
the same as that of samples irradiated at 573 K for 42 h. The relative
contribution of irradiation-induced defects to the increase in the
hardness is also diﬀerent for each sample, as the formation of vacancy
clusters is detected by the PAL measurements after irradiation at 473 K.
Fig. 4. CDB ratio curves of neutron-irradiated Fe–9Cr alloys to pure Cr. Those
of unirradiated pure Fe and Fe–9Cr are also shown.
Fig. 5. CDB ratio curves of neutron-irradiated Fe–50Cr alloys to pure Cr. Those
of unirradiated pure Fe and Fe–50Cr are also shown.
Fig. 6. CDB ratio curves of neutron-irradiated Fe–70Cr alloys to pure Cr. Those
of unirradiated pure Fe and Fe–70Cr are also shown.
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In Fe–xCr (x=15, 30, 45, 50, and 70) irradiated at 573 K for 200 h,
the hardness was lower than that at 573 K for 42 h. When Fe–Cu alloys
were thermally aged, the hardness increased by increasing the density
of small Cu precipitates at the ﬁrst stage; it then decreased with the
increase in the size and the decrease in the density at the second stage
(aging for an extended time or at high temperature) [20]. Dislocations
can migrate easily at the second stage. It is expected that a longer ir-
radiation time leads to considerable progress in phase separation, and
the period of Fe/Cr density ﬂuctuation could likewise increase. Con-
sequently, the hardness could decrease. In the future, it is necessary to
investigate this possibility using thermal-aged Fe–Cr alloys.
3.4. Detection of vacancy clusters and phase separation in Fe–xCr (x= 70,
85, and 91)
Fig. 8 shows the CDB ratio curves from the Fe–50Cr, Fe–70Cr,
Fe–85Cr, Fe–91Cr, and Cr irradiated with neutrons at 473 K to an
unirradiated Fe. In the region of the W-parameter, all spectra are nearly
ﬂat, which indicates that nearly all positrons are annihilated with the
core electrons of Fe atoms. The identical trends are obtained in Fe–xCr
(x=9, 15, 30, and 45). From the PAL measurements, vacancy clusters
are not detected in Fe–xCr (x=70, 85, and 91). These results indicate
that nearly all positrons are annihilated in the Fe-rich phase, and va-
cancy clusters do not form in the Fe-rich phase. However, in Fe–xCr
(x=0, 9, 15, 30, 45, 50, and 100) irradiated at 473 K, vacancy clusters
are detected in the irradiation at 473 K. Thus, there remains a possi-
bility that vacancy clusters are formed in Cr-rich phase of Fe–xCr
(x=70, 85, and 91), which cannot be detected by the PAS.
Nagai et al. detected the formation of Cu precipitates in rolled
Fe–1.0 wt.%Cu alloy by the PAS [21]. When there exist vacancy clusters
and Cu precipitates in Fe–Cu alloys, positrons are usually trapped at
vacancy clusters with a greater frequency, and then disappear [16]. In
Fe–xCr (x=70, 85, and 91) used in this study, the Fe content is far
higher than the Cu content in the Fe–Cu alloys used by Nagai et al.
Since a high density of Cr-rich phases is formed in neutron-irradiated
Fe–16wt.%Cr [11], Fe-rich phases are also likely to be formed in high
concentration in Fe–xCr (x=70, 85, and 91) used in this study.
Therefore, if Fe-rich phases are incredibly high, vacancy clusters could
not be detected in Fe-rich phases despite the existence of the vacancy
clusters in Cr-rich phases. In the future, the size and density of Fe-rich
phases should be investigated by atom probe tomography, etc.
The vacancy formation energy in α-Fe and Cr is 1.72 eV and 2.56 eV,
respectively [22]. Thus, vacancy clusters are formed more easily in Fe
than in Cr under the thermal equilibrium state. However, this contra-
dicts non-formation of vacancy clusters in Fe-rich phases in this study.
Meanwhile, vacancy clusters were more stable in pure Cr than in pure
Fe with the high-temperature irradiation (see Section 3.1). If vacancy
clusters are formed in Cr-rich phase of Fe–xCr (x=70, 85, and 91)
because of this high-temperature stability of vacancy clusters in Cr, we
should examine it using simulations (molecular dynamics method and
so on). In the Fe–70Cr, it is expected that the irradiation-induced de-
fects, which exist in Cr-rich phase, would have a particularly large in-
ﬂuence on hardness.
4. Summary
PAS and Vickers hardness tests were performed in Fe–Cr binary
alloys irradiated with neutrons at 473 K and 573 K. The formation of
vacancy clusters was detected after 473 K irradiation with PAL mea-
surements except for the cases of Fe–70Cr, Fe–85Cr, and Fe–91Cr. After
573 K irradiation, clusters were not detected in any sample except for
the pure Cr. The W-parameter increased after irradiation in most
samples irradiated at 573 K, and in Fe–70Cr, Fe–85Cr, and Fe–91Cr
alloys irradiated at 473 K. These results indicate the progress of phase
separation by neutron irradiation. Vacancy clusters apparently were not
formed in the Fe-rich phase of Fe-xCr (x= 70, 85, and 91) irradiated at
473 K, because most positrons were annihilated with the Fe core elec-
trons based on CDB and vacancy clusters were not detected by PAL. We
could not determine whether the vacancy clusters are formed in Cr-rich
phase from the results of the PAS. Hardness increased due to the pro-
gress of irradiation-enhanced phase separation and irradiation-induced
defects. The relative contribution of these to the increase in the hard-
ness was diﬀerent for each sample.
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